A peptide amphiphile (PA) C 16 -KTTKS containing a pentapeptide headgroup based on a sequence from procollagen I attached to a hexadecyl lipid chain, self-assembles into extended nanotapes in aqueous solution. The tapes are based on bilayer structures, with a 5.2 nm spacing. Here, we investigate the effect of addition of the oppositely charged anionic surfactant sodium dodecyl sulfate (SDS) via AFM, electron microscopic methods, small-angle X-ray scattering and X-ray diffraction among other methods. We show that addition of SDS leads to a transition from tapes to fibrils, via intermediate states that include twisted ribbons. Addition of SDS is also shown to enhance the development of remarkable lateral "stripes" on the nanostructures, which have a 4 nm periodicity. This is ascribed to counterion condensation. The transition in the nanostructure leads to changes in macroscopic properties, in particular a transition from sol to gel is noted on increasing SDS (with a further re-entrant transition to sol on further increase of SDS concentration). Formation of a gel may be useful in applications of this PA in skincare applications and we show that this can be controlled via development of a network of fine stranded fibrils.
Introduction
A peptide amphiphile (PA) is a hybrid molecule that combines the properties of a lipid (tendency for membrane formation, enhanced bioavailability) with that of a peptide (defined secondary structures, wide biofunctionalisation). PA-based materials are attracting immense attention due to a diverse range of demonstrated potential applications in regenerative medicine. [1] [2] [3] [4] Studies on the self-assembly of peptide amphiphiles [5] [6] [7] [8] [9] reveal that the most common motif is that of nanofibrils, comprising a lipid core decorated with a peptide corona. Nanotapes have also been identified. 10, 11 Stupp and coworkers also noted stripes (grooves) in their tape-forming PA system, C 16 -OVEVE, upon increase in pH resulted from electrostatic repulsion among glutamate groups at higher pH. 10 Their model suggests a simple lateral expansion of interdigitated PA molecules. Despite this recent work, little is known about how the driving forces for self-assembly can be modulated via, for instance formation of electrostatic complexes with charged surfactants.
We recently investigated the self-assembly of PA C 16 -KTTKS in aqueous solution. 11 This PA contains a matrikine (extracellular matrix-derived peptides) pentapeptide fragment from type I collagen. 12 Formulations containing this PA are available commercially as Matrixyl TM . Tape-like nanostructures were observed, with a broad distribution of widths. The highly extended tape-like structures aggregate into fibrillar bundles which are large enough to be imaged by optical microscopy. The nanostructure of the tapes was probed by cryogenic-transmission electron microscopy (cryo-TEM) and small-angle X-ray scattering (SAXS). SAXS on an aligned sample enabled a model of bilayers running parallel to the tape surfaces to be put forward.
Here, we present preliminary results from a very extensive investigation on morphology transitions in PA C 16 -KTTKS induced by addition of the classical anionic surfactant sodium dodecyl sulfate (SDS). This is investigated in detail through atomic force microscopy (AFM), transmission electron microscopy (TEM) and scanning TEM (STEM) as well as small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD). FTIR spectroscopy is used to investigate features of -sheet ordering in the amide I' region. A complex interplay of electrostatic, hydrophobic and hydrogen bonding interactions leads to a transition from tapes to fibrils on increasing [SDS] .
Electrostatic interactions involving the lysine side chains and the carboxyl terminus of the PA are expected to be important. However, electrostatic interactions are not solely responsible for the self-assembly process as revealed by electrophoretic mobility measurements. In addition, we observe the formation of longitudinal stripes on these aggregates. This is analysed in some detail and a model for the structure is presented.
The morphological transitions also lead to changes in rheological properties The effect of electrostatic interactions on the self-assembly of PAs via multicomponent formulations has already been considered. Stupp and coworkers have examined the formation of nanofibers by electrostatic co-assembly of two PAs with oppositely charged peptide sequences. 13 This group also studied the coassembly of PAs with oppositely charged, i.e. free N and free C termini, comprising respectively tri-lysine and tri-glutamic acid sequences. 14 They noted that the coassembled PA nanofibrils exhibited enhanced thermal stability compared to the component PAs.
Aulisa et al. have investigated the self-assembly of several short designer PAs and showed that one that had the ability to inhibit proliferation of pancreatic cancer cells self-assembles into micelles at low concentration. 15 This designer PA was mixed with an anionic surfactant, sodium dodecyl sulphate (SDS), and a concomitant increase in α-helical content was noted. Nonetheless, we are not aware of prior work on the influence of surfactants on the self-assembly of PAs forming -sheet structures and we discuss this problem for the first time in the following.
Experimental

Materials.
Peptide amphiphile C 16 -KTTKS, Palmitoyl-Lys-Thr-Thr-Lys-Ser was purchased from CS Bio (Menlo Park, California). Two different batches were used. For the first, the purity was 97.6% by analytical HPLC, MS 802.47 (expected) 802.05 (measured), acetate content was 11% (by HPLC). For the second batch, the purity was 98.61% by analytical HPLC, MS 802.5 (expected) 802.2 (measured), acetate content was 11.61%
(by HPLC).
Sodium dodecyl sulfate (SDS, 99% purity) was obtained from Sigma Aldrich.
The peptide was dissolved directly in water (along with varying amounts of SDS) for the experiments reported herein. The measured pH of a 1 wt% solution (the concentration for the majority of the measurements) was pH 4.475.
Scanning Transmission Electron Microscopy (STEM).
STEM imaging and associated quantitative analysis (mass per unit area) were performed at the STEM facility, in the Biology Department at Brookhaven National Laboratory using a custom-built instrument. Further details are provided elsewhere.
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Negative Stain Transmission Electron Microscopy (TEM).
TEM experiments were performed using a Philips CM20 transmission electron microscope operated at 80kV while high resolution TEM (HR-TEM) was done using a JEOL JEM-4000 microscope operated at 200 kV. Droplets of the solutions were placed on Cu grids coated with a carbon film (Agar Scientific, UK), stained with uranyl acetate (1 wt %) (Agar Scientific, UK) and dried.
Atomic Force Microscopy (AFM).
A 20 µl of solution (1 wt% of C 16 -KTTKS with different SDS concentrations) were deposited onto freshly cleaved mica, incubated for 2 min, rinsed with Milli-Q water and dried by air. Tapping mode AFM was carried out on a Nanoscope 8 Multimode
Scanning Force Microscope (Veeco). AFM cantilevers (Veeco, USA) for tapping mode in soft tapping conditions were used at a vibrating frequency of 150 kHz.
Images were simply flattened using the Nanoscope 8.1 software, and no further image processing was carried out. The height profiles were obtained with same software.
Electrophoretic Mobility
Electrophoretic mobility of C 16 is a function of electric field strength, dielectric constant and viscosity of the media, and the ζ-potential of the particle.
Small-Angle X-ray Scattering (SAXS)
Experiments were performed on beamline ID02 at the ESRF, Grenoble, France.
Samples were placed in a glass capillary mounted in a brass block for temperature control. Micropumping was used to minimise beam damage, by displacing a drop of the sample by 0.01-0.1 mm for each exposure. The sample-to-detector distance was 1 m, and the x-ray energy was 12.46 keV. The q = 4 sin / (2 is the scattering angle and is the wavelength) range was calibrated using silver behenate. Data processing (background subtraction, radial averaging) was performed using the software SAXSUtilities.
Fibre X-Ray Diffraction (XRD)
X-ray diffraction was performed on stalks prepared from 1 wt% solutions in water or aqueous SDS solution. The stalks were mounted (vertically) onto the four axis goniometer of a RAXIS IV++ X-ray diffractometer (Rigaku) equipped with a rotating anode generator. The XRD data was collected using a Saturn 992 CCD camera. Onedimensional profiles in the equatorial and meridional reflections (with appropriate realignment of images to allow for fibril orientation) were obtained using the software CLEARER 18 which was also used to fit peak positions.
Fourier Transform Infrared (FTIR) Spectroscopy
Spectra were recorded using a Nexus-FTIR spectrometer equipped with a DTGS detector. Solutions were sandwiched in ring spacers between two CaF 2 plate windows (spacer 0.006 mm). All spectra were scanned 128 times over the range of 4000-950 cm -1 .
Rheology
Measurements of dynamic shear modulus were performed using a TA instruments 
Results
AFM was also used at first to study the morphology of aggregates in solutions of C 16 -KTTKS in the absence and presence of SDS at different concentrations. Figure 1 shows unambiguously the presence of multi-layered tapes. By analysis of height profile we obtained the value for the step of the single layer to be 5.3 nm. This periodicity is in excellent agreement with the value found in previous work by SAXS 11 and the further analysis given below. Additionally, smaller steps could be identified of height 2.65 nm. This corresponds to exactly half a layer and indicates convincingly that bilayers of C 16 -KTTKS and single layers of C 16 -KTTKS can be resolved by AFM analysis.
We have then performed similar height profile analysis for C 16 [SDS] is confirmed by negative stain TEM (SI Fig.1b ).
At the even higher concentration of SDS (0.9 wt%), stripes with a periodicity about 4.2 nm, typical of SDS periodicity, can clearly be resolved on the surface of the aggregates ( Fig. 3 ) in a high magnification image. Actually, stripes are present at lower [SDS] also, as discussed shortly, but since the spacing is only 4 nm, they are only revealed on high resolution images.
These data taken together would suggest that SDS drives a transition from mainly tapes to mainly fibrils in the regime [SDS] < 0.6 wt% and further that a longitudinal stripe pattern with a 4 nm spacing develops, being particularly notable at 0.9 wt% SDS.
In view of the recent study illustrating that the pitch and shape of twisted ribbons can be modulated by electrostatic interactions, 22 we also performed electrophoretic mobility studies on the C 16 -KTTKS/SDS mixtures. Our measurements indicate an electrophoretic mobility of +4.798, -3.656 and -7.555 m*cm/Vs for 0%, 0.3% and 0.6% SDS, respectively, which reflects the progressive change of linear charge density from positive (C 16 -KTTKS) to negative (SDS) upon increasing [SDS] concentration. The system with SDS contains a complex set of equilibria between ionic species. In order to understand the influence of charge on the C 16 -KTTKS PA we calculate the degree of dissociation of the N terminus. SI Fig.2 shows the calculated fraction of species with C termini comprising carboxylate or carboxylic acid. The calculation was performed using the freely-available software HySS, designed to calculate properties associated with solution equilibria. 23 This calculation was performed assuming pKa(Lys1) = pKa(Lys2) = 10.4 and pKa( -carboxyl) = 3.0. 20 It can be seen that the fraction of charged termini decreases with increasing PA concentration. In the following, we investigate the system at a concentration of 1 wt% C 16 24 The immediate outcome from the electrophoretic mobility analysis is that changes in morphologies in the present case cannot only be interpreted on the basis of electrostatic interactions. Comparable charge densities, probed via electrophoretic mobilities, but with opposite signs, result on completely different morphologies, i.e.
flat tapes for 0 wt% SDS but twisted ribbons for 0.3 wt% SDS. This complex behavior, which is not observed in ribbons and twisted ribbon-like structures when electrostatic interactions are solely tuned by ionic strength, 22 is probably the result of the multitude of factors relevant and specific to the present case, where the multicomponent formulation, the possible heterogeneities, the variable charge density, counter-ion condensation, chirality, hydrogen bonding, hydrophobic interactions and packing frustration due to the alkyl chain length mismatch between C 16 -KTTKS and SDS, all play a very complex and intricate role.
In order to further elucidate the structure of tapes of C 16 -KTTKS in the absence and presence of SDS, electron microscopy was also used. In particular, this technique was used to confirm the formation of stripes on tape-like aggregates even at low [SDS] . ) for which a broad structure factor maximum around q = 0.7 nm -1 has been observed. 28, 29 Importantly, the broad form factor maximum for SDS micelles (radius approximately 2 nm 28, 30 ) occurs at a significantly larger q value than the peak positions associated with the stripe and bilayer spacings, so there is no significant interference from SDS micelle features at high [SDS]. , the 1608 cm -1 -sheet peak was found to reduce in intensity relative to the 1651 cm -1 disordered conformation peak (Fig.7b) pointing to thermally-induced disruption of the -sheet secondary structure. These trends are associated with the reduction in the intensity of the 4 nm peak in the SAXS profiles, relative to the 5.2 nm bilayer spacing peak intensity.
Other regions of the FTIR spectra provided information on the lipid chain ordering (CH 2 stretch region 2850-2950 cm -1 ). Spectra in this region did not show large changes (other than in absolute absorbance) with SDS concentration, and it is difficult to deconvolute the contribution from SDS and C 16 -KTTKS alkyl chains, so further discussion is prohibited. In the range 1400-1500 cm -1 , the CH 2 / CH 3 scissoring bands 31-33 near 1468 cm -1 also gives information on hydrocarbon chain (Fig.7c) . Little temperature dependence was observed, however there was a strong concentration dependence at a given temperature. The peak at 1418 cm -1 appears to be exclusively associated with C 16 -KTTKS, as it is not observed for SDS. A peak in this position has been observed for other PAs. 10, 34 We assign this feature to the C-O stretch, specifically at the CH 3 CO linkage. 35 It is observed for all mixtures of SDS and C 16 -KTTKS up to 0.9 wt% SDS under which conditions separately resolved 1418 cm -1 and 1468 cm -1 peaks disappear (Fig.7c) . It indicates that the arrangement of CH 2 /CH 3 groups in the alkyl chain is not significantly affected by binding of SDS. SDS binding is therefore associated with the peptide headgroup alone.
The rheological properties of the mixtures were investigated. particularly to the reduction in -sheet content revealed by FTIR. In addition, the observation of a gel around 0.3 wt% SDS is related to the formation of a network of twisted fibrils with a highly extended conformation, i.e. large persistence length ( Fig.2 and SI Fig.1 ).
Summary and Discussion
In summary, addition of SDS can be used to induce gelation in solutions of the collagen-stimulating PA C 16 -KTTKS. This may be very useful in applications in personal care products for slow release applications. The thermal melting transition at around body temperature is also highly relevant to such applications. A detailed physico-chemical study using AFM, TEM, STEM and SAXS, of the self-assembly of mixtures of C 16 -KTTKS and SDS has revealed transitions in morphology upon addition of SDS from flat tapes for C 16 -KTTKS through twisted ribbons to fibrillar structures. This is shown schematically in Fig.9 . Electrophoretic mobility experiments reveal that this transition is not solely related to electrostatic phenomena since aggregates with different morphologies are observed for equal but opposite charge densities. The system is complex involving multiple equilibria between the ionic species present, but also hydrophobic interactions of the lipid chains, hydrogen bonding interactions within the peptide headgroup and chirality from the amino acid residues. Nevertheless, in a simplified picture the calculated net charge on the peptides is in reasonable agreement with the electrophoretic mobility measurements.
SAXS also shows a fine balance between thermal energy and the other contributions to the total energy of the system. Further work is planned to investigate this in more detail.
Another remarkable finding from this work is the observation of longitudinal stripes within the aggregates. AFM and TEM reveal a 4 nm stripe spacing. The presence of striped aggregates increases with SDS concentration. Some striped tapes are observed at low [SDS] , and a proposed model for these is sketched in Fig.9 . We believe that the presence of longitudinal stripes, along with the coexistence of 4 nm and 5.2 nm bilayer spacings in the SAXS profiles can be explained using this model. It consists of isolated sheets of bilayers stabilized by -sheet H-bonding. The stacking distance of the -sheets may be expanded due to electrostatic interactions between the condensed counterions and the lysine side chains on C 16 -KTTKS, leading to an expanded spacing of the sheets relative to a conventional -sheet structure, for which the usual spacing is around 1-1.2 nm. In reality, the system probably at low [SDS] only contains a small fraction of striped tapes, the majority are unstriped and consist of PA bilayers with a "standard" -sheet packing arrangement, i.e. 1-1.2 nm stacking distance of sheets and 0.47 nm strand spacing within the sheets. 11 As noted above, the SAXS ( Fig.5 ) and XRD data (Table 1) A possible explanation of the stripe pattern on the tapes in terms of SDS condensation on the surface of the aggregates has been excluded, since a small proportion of striped tapes are actually observed in water, in the absence of SDS. In addition, stripes are observed for the related PA C 16 -ETTES in the absence of SDS. 36 The formation of stripes due to SDS condensation in the presence of divalent cations, that leads to the formation of stripes with a 5 nm spacing, has been revealed by AFM imaging on graphite. 37 It is possible that this does play a role in the development of stripes on the fibrillar aggregates at high [SDS] . In their study on C 16 -OVEVE, Stupp and coworkers observed stripe formation upon increasing pH with sodium hydroxide.
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The situation here is more complex as the addition of SDS causes morphology transitions, in addition to stripe formation. 40 This argument, together with the closely matching periodicity of SDS bilayers and the stripes, suggests that SDS could also take an important role in the formation of the observed stripes.
These morphological studies shed light on the rheological properties, especially the formation of a gel at an SDS concentration of 0.3 wt% (with 1 wt% C 16 -KTTKS). This is associated with the formation of a network of highly extended twisted fibrils.
The thermal phase transitions revealed by temperature ramp experiments seem to be correlated to the loss of -sheet structure on heating, as revealed by FTIR. This also leads to the loss of the 4 nm stripe periodicity in the SAXS patterns. At high SDS concentrations there is a re-entrant gel-sol transition which we ascribe to electrostatic repulsion effects (between SDS-decorated fibrils and/or involving counterion condensation, i.e. Manning condensation).
Our work reveals that addition of SDS can be used to control the morphology of PA self-assemblies, which in turn can be used to tune rheological properties with considerable scope to create novel bionanomaterials for important applications in skincare and tissue engineering more broadly. Further work is underway to pursue these applications, and to study the relationship between self-assembly and bioactivity. 
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